The paper deals with thermodilatometry of green and fired ceramic samples. Problems connected with the measurements in dilatometric practice are described in detail, namely a) the influence of the pressing force of the push-rod, b) the effect of an improperly placed sample and improper measuring range, c) the influence of the volume of a sample, d) the influence of the heating rate, and e) the influence of the grounding and AD transducer on the results of the thermodilatometric analysis.
Introduction
For the needs of qualitative and quantitative characteristics of the structure and microstructure of ceramics diff erent techniques are used in order to examine their properties, which enables an interpretation of the results of measurements from diff erent points of view. One of these methods is the thermodilatometry. Th e thermodilatometric analysis (TDA) is based on measuring the volume change of a ceramic sample during heating [1] . Two reasons for the volume change are present in a dry ceramic sample: a) the common thermal expansion due to asymmetric thermal vibrations of the ions in the crystalline lattice, and b) the phase transformation connected with the rearrangement of ions in the crystalline lattice. If we record dilatation changes in a proper way in dependence on the temperature, we can allocate important phase transitions from anomalies of the thermal expansion. Th e TDA plays an important role in ceramic research. It allows the prediction of the changes in a sample made from known raw materials [2, 3] . It is also possible to determine the kinetic parameters from thermodilatometry [4] . Th e eff ect of texture on thermodilatometry is examined in [5, 6] . Th e TDA also plays a very important role in the experimental study of the sintering process [7, 8, 9] .
Th e thermal volume expansion of materials is characterized by the coeffi cient [10, 11] ,
where V 0 is the sample volume at the temperature t 0 (mostly room temperature), ΔV is the change of the sample volume over a small temperature interval . If the sample is made from an isotropic material and has, for simplicity, a cubic form, then the length of the cube is l 0 at the temperature t 0 and is its length at the temperature t. Th e sample volume at the temperature t is , if we neglect small terms proportional to the second and third power of Δt. It results that . Consequently, it is suffi cient to measure the length change Δl of only one dimension of the sample, and then to calculate the linear coeffi cient of thermal expansion (CTE) from the formula (2) Th e CTE belongs to the most important parameters of solid materials used in industry design and research [1] . As it is commonly known, a dilatometer directly measures the quantities Δl and t during heating/cooling/isothermal regime. Th e initial sample length l 0 is measured before inserting the sample into the dilatometric cell.
An ideal thermodilatometric analysis (TDA) requires zero mechanical load on the sample, which is unrealizable in practice. Even if no external force acts on the sample, it can be deformed by its own weight. Some non-contact dilatometers, which are suitable to measure Δl of soft ceramic samples at high temperatures, use optical methods to record Δl [12, 13] . Unfortunately, the non-contact dilatometers have some drawbacks, such as the complicated device for recording Δl.
Most dilatometers apply mechanical contact between the sensor and the sample [14] and employ the diff erential principle. All contact dilatometers involve an intermediary member (called the push-rod) to transmit the dimensional change (caused by subjecting the sample to a temperature change) to the sensor [7] .
Th e areal diff erential dilatometer works with two samples -a reference and a test sample. It compares changes of dimensions of the samples. Th e reference sample is mostly made from fused silica (suitable for temperatures up to 900 °C) or alumina (suitable for temperatures up to 1500 °C) [7] .
A push-rod dilatometer is more frequent. Its principle is basically also diff erential, but the dilatometric cell which is parallel with the measured sample plays the role of the reference sample. Th e parts of the dilatometric cell are made, in general, from alumina or fused silica and their dependence of the length changes on the temperature is known.
Dilatometers usually use linear variable diff erential transducer (LVDT) as linear displacement sensor, although one may also use a capacitance sensor (it has high sensitivity but very low range of Δl), optical sensor (based on the interferometer principle; it has a complex construction but high accuracy), digital optical sensor (it is very stable but with the resolution of only 1 μm), and mechanical sensor (it is usually of simple construction with the resolution of 1 μm). Usually, dilatometers need 25 to 50 mm length samples. Th is contributes substantially to the measurability and reliability of the data and, therefore, to the overall accuracy of the measured value of Δl/l 0 [15] .
Another criterion to distinguish dilatometers is the position of the sample in the dilatometric cell. Most dilatometers employ horizontal position of the sample. A major advantage of the horizontal confi guration is its superior thermal uniformity and easy handling with the sample. Moreover, a horizontal furnace is not subjected to convection parallel with the sample [16] . Th e disadvantage of the horizontal dilatometer is that the push-rod must exert a reasonable force on the sample to overcome the friction between it and the groove. For the trapped end plate, this pressure must also be suffi cient to keep the plate pressed against the far side of the groove and does not allow it to move at all [16] . Samples that soft en, shrink, or sinter may shorten rather than expand when heated. In this case it is advisable to use a vertical system for shrinkage or sintering investigation. Th ere is no friction between the sample and the dilatometric cell and the force acting on the sample can be decreased to a very small value with the help of a counterweight [16] . A disadvantage is the problematic homogeneity of the temperature fi eld and the necessity to use relatively short and thick samples.
A push-rod dilatometer, as every diff erential system, needs the calibration by a reference sample [13, 17] . Th e forthcoming changes always require recalibration: a replacement of the pushrod, dilatometer tube, or thermocouple, or aging of parts of the dilatometric cell (buckling, cracks, discoloration). Besides, the LVDT is a relatively sensitive device which overall performance depends on the stability and linearity of the signal conditioning network. Th is fact also requires frequent calibration [18] .
Th e aim of present paper is to describe some typical infl uences and factors which lead to diff erences in dilatometric results.
Dilatometry
Th e results presented in this contribution were obtained with the help of the push-rod dilatometer described in [19, 20] . It is a horizontal alumina dilatometer with an LVDT sensor. A constant force assigning reliable mechanical contact between the push-rod, sample, and supporting rod is developed by a weight. Th e displacement Δl of the push-rod is proportional to the change of the output electric signal ΔU, ,
where Δl s is the change of the sample length and Δl ar is the change of the carrier alumina rod length at the temperature t.
If one uses l 0 to denote the initial sample length, then .
Th e calibration was performed by a reference sample (steel X10 NiCrMoTiB 1515) provided by the Physikalisch-Technische Bundesanstalt, Berlin. We used the relationship [21] for the reference dilatometric curve in the interval 20 to 1000 °C. Th e polynomial expression of the relationship is , (5) where t is the temperature in °C and the relative thermal expansion is given in %.
Infl uence of diff erent factors on the TDA

Mechanical pressure on the sample
Reliable mechanical contacts between the push-rod and the sample as well as between the sample and the supporting rod guarantee correct dilatometric results. Th e push-rod must be pressed against the sample and the supporting rod, i.e., the sample is under the pressure load. Th e force acting on the sample is relatively small and does not cause contraction if the sample is solid and fi rm. However, the pressing force signifi cantly infl uences the TDA at higher temperatures if the sample contains glassy phase or if sintering takes place. For example, it is well known that the bending of the dilatometric curve of glass above the transformation point is caused by the pressing force [22] .
If the pressing force is created by spring then the force is not the same when samples of diff erent lengths are used (see Fig. 1 ). Th e longer the sample, the larger is the force of the spring. A ceramic sample which contains glassy phase soft ens above ~900 °C and contracts under the pressing force. Th e same behaviour can be confi rmed by the dilatometer when the constant pressing force was realized by a weight (see Fig.  2 ). As Fig. 1 and Fig. 2 
Sample position
If the sample is not exactly parallel with the alumina rods, it can lead to higher friction and sudden small movements of the sample during the measurement. Th e results are disruptions on the dilatometric curve, as illustrated in Fig. 3 .
For all dilatometers, some routine maintenance and inspection is required to assure proper operation and, therefore, accurate results. Th e sample chamber for any dilatometer must be free of earlier deposits or debris prior to loading the sample and running a test. Th e transducers require periodic maintenance depending on the cleanness of the environment in which the instrument is operated [23, 24] . Otherwise, results similar to those showed in Fig. 3 can be obtained.
Measuring interval
If the measuring interval is improperly set, it can cause a loss of the mechanical contact between the push-rod and the sample or the movement of the push-rod can be out of the range of the LVDT. It may occur when the contraction of the sample is too high (see Fig. 4 ). For correct measurements the operator has to predict the behaviour of the measured sample. 
Heating rate
Th e eff ect of the heating rate on the TDA produces shift s between TD curves (see Fig. 5 ). Th is eff ect is typical for thermal analyses and can be found in the DTA, TGA, and others [2] . Th e shift s are visible in Fig. 5 at diff erent heating rates caused by the change in the heating rate. At a higher heating rate the temperature is no more uniformly distributed in the complete sample, so one can observe some delay in the relative expansion. Fig. 6 shows the infl uence of the sample diameter on TDA results. Th e larger is the diameter, the more delayed is the start of the high temperature reaction in the sample. Consequently, the curves for larger samples are shift ed to higher temperatures. Th e explanation is similar as in Chapter 3.4, i.e. the changes in the sample volume are faster in the sample with a smaller diameter. In these samples one may observe the high temperature reactions at lower temperatures than at samples with a larger diameter.
Size of the sample
Electronic circuits
Diff erences of the voltage signal from the LVDT are relatively small (~10 -5 V), therefore, a linear amplifi er is necessary. It is evident that correct operation of all electronic devices is essential for obtaining correct results. For example, an incorrect grounding between the LVDT and the amplifi er causes noise which is revealed in the dilatometric curve, the latter becoming thick.
Another important infl uence on the measured data is due to the AD transducer. If it has small bit resolution then the amount of measured data are represented as the same digital number. On the other hand, near the bit boundary a small change of measured data is attended by a large change of the displayed data. As a result, the dilatometric curve contains altering thick parts.
Conclusions
In this paper, thermodilatometry of green and fi red samples made from kaolinitic and illitic clays was performed. Detailed analysis of the dilatometer operation led to the following conclusions.
1. Th e pressing force does not infl uence the dilatometric results if the sample volume is solid. Above the temperature at which liquid phase is formed, the pressing force can shorten the sample and signifi cantly infl uence the dilatometric results.
2. If the pressing force is produced by spring then longer samples are subjected to larger pressing force than shorter samples.
3. If the sample is not properly placed (if it is not parallel and coaxial), it causes "jumps"in the dilatometric curve.
4. Phase changes are registered at lower temperatures if low heating rate is used.
5.
Phase changes are registered at lower temperatures if thin sample is used.
